Introduction
============

Nanomaterials (NMs) contain 50% or more nanoparticles (NPs; in number or size distribution) with one or more external dimensions in the size range of 1--100 nm.[@b1-ijn-13-8487] Because of the small size of NPs, they exhibit novel mechanical, electrical, optical, thermal, and magnetic properties.[@b2-ijn-13-8487] NPs have been widely used in all aspects of life, including biology, pharmacology, medicine, chemistry, physics, material science, engineering, and industry, but NPs can also be found in cosmetics and products that are used daily, such as clothes and food. The growing demand for NMs and nanoenabled devices worldwide was expected to reach approximately \$3.1 trillion by 2015,[@b3-ijn-13-8487] which would increase the risk of human exposure to NPs. The broad applications of NMs have raised concerns about their biological effects. Indeed, studies have shown that NPs are likely to have toxic effects on many organs, such as the brain, liver, and lungs, which are the most studied target organs.

Reproductive toxicity is increasingly becoming recognized as an important part of overall toxicology. However, the reproductive toxicity of NPs has not been studied in depth until very recently. Reproductive physiology involves a series of complex physiological processes that are sensitive to chemical contaminants. Current studies have shown that the incidence of testicular dysgenesis syndromes, including low sperm production in adulthood, cryptorchidism, hypospadias, and testicular cancer, is increasing.[@b4-ijn-13-8487] This increased incidence of male reproductive diseases may be partly attributable to environmental contaminant exposure.

Exposure to NPs may result in critical toxicity during the development of the reproductive system. In addition, the administration of NiNPs to adult female rats profoundly disrupted the functions of the reproductive system, as evidenced by injured uterine and ovarian tissues and disruption of follicle-stimulating hormone (FSH), luteinizing hormone (LH), and estradiol (E2) excretion, resulting in abnormal births. This review investigates the reproductive toxicity caused by NPs and examines the mechanisms involved in this process.

Reproductive system and its function
====================================

The reproductive system or genital system comprises the sex organs within an organism which work together for sexual reproduction. Many nonliving substances such as fluids, hormones, and pheromones are also important influencers of the reproductive system. In contrast to most organ systems, the reproductive system often exhibits significant differences between the sexes of differentiated species. These differences allow for a combination of genetic material between two individuals, which improves the genetic fitness of the offspring.

Male reproductive system and its function
-----------------------------------------

The male reproductive system comprises reproductive organs and glands, including external genitalia and internal genitalia. The external genitalia are located outside the body and include the penis, scrotum, and testicles. In addition, internal genitalia are located inside the body and include the epididymis, conducting framework (vas deferens, ejaculatory ducts, urethra, seminal vesicles), and specific glands (prostate gland, bulbourethral glands).

The main function of the male reproductive system is to produce, maintain, and transport sperm and protective fluid and discharge the sperm in the female reproductive tract during sex. To maintain the male reproductive system, the reproductive organs and glands need to secrete sex hormones.

Female reproductive system and its function
-------------------------------------------

The female reproductive system is also composed of reproductive organs and glands. However, unlike the male reproductive system, most of the female genitalia are located inside the body. The external genitalia include the labia majora, labia minora, Bartholin's glands, and clitoris. In addition, the internal reproductive organs in the female include the vagina, uterus, ovaries, and fallopian tubes.

The female reproductive system is made to fulfill several functions. The most basic function is producing the female ova or oocytes that function as egg cells; this activity is crucial for reproduction. The second function of the female reproductive system is to transport the eggs to the site of fertilization. The most important function is conception, which generally occurs in the fallopian tubes when an oocyte is fertilized by sperm. The next step is for the fertilized egg to implant into the uterine wall and begin the early stages of pregnancy. If fertilization and/or implantation does not occur, the system will menstruate. In addition, female sex hormones are produced to maintain the reproductive cycle.

Routes of NP entry into the reproductive system
===============================================

Direct path of NP entry into the reproductive system
----------------------------------------------------

NPs can be used as drugs and drug delivery vehicles and for fluorescence imaging in the reproductive system. NMs used as a drug carrier for targeted therapy directly combine with target organs or target cells, providing an opportunity for NMs to enter the reproductive system directly. Ultrasensitive molecular imaging nanoprobes can be used to detect targeted biological structures.[@b5-ijn-13-8487] AuNPs are a reliable label-free contrast agent for visualizing NIH OVCAR-3 (ovarian cancer cells).[@b6-ijn-13-8487] In addition, other NPs can be used to treat certain diseases. The tocotrienol nanoemulsion platform of curcumin can be used to treat breast and ovarian carcinoma.[@b7-ijn-13-8487] Fatty acid/poly(lactic-*co*-glycolic acid) NPs used as a drug delivery system enhance the in vitro cytotoxicity and in vivo targeting potential of paclitaxel against ovarian cancer stem cells.[@b8-ijn-13-8487]

Indirect path of NP entry into the reproductive system
------------------------------------------------------

### Absorption of NPs

There are three main exposure routes, such as dermal exposure, pulmonary exposure, and gastrointestinal exposure, in addition to others. Skin exposed to NPs present in cosmetic products has been suggested as a potential route for drug delivery involving nanocarriers.[@b9-ijn-13-8487] However, the dermal absorption of nano-titanium dioxide in vivo and in vitro has been found to be very low, generally below the detection level.[@b10-ijn-13-8487]--[@b14-ijn-13-8487] Thus, NPs can be absorbed through the skin without causing substantial toxicity.

Previous studies have revealed that gastrointestinal exposure is one of the important NP absorption pathways. Many articles have reported that multiple NPs can be absorbed from the gastrointestinal tract into the bloodstream and deposited in secondary organs. NPs are often used in foods and beverages. Since 2007, nearly 72 food and beverage products have been reported to contain NPs.[@b15-ijn-13-8487] Multiple NP types, such as AgNPs, silica SiO~2~ NPs, TiO~2~ NPs, and ZnO NPs, are added to food and drugs as ingredients. This trend might be highly relevant for oral ingestion of NPs. As a result, many NPs can be consumed orally and enter the body through the gastrointestinal tract, but the absorptivity of each substance is different. Based on the existing literature, it is estimated that the daily ingestion ranges for several NPs are 0.008--0.032 µg/mL for AgNPs, 9.3--50.4 µg/mL for SiO~2~ NPs, and 0.12--12.6 µg/mL for TiO~2~ NPs.[@b16-ijn-13-8487] In addition to different absorption rates, the residence times of these substances also differ. Nanosized substances generally spend the longest time in the large intestine but the shortest time in the stomach, which may explain their different absorptivity values. The absorption rate of TiO~2~ particles is approximately 0.06%--4% and is lowest in the stomach and highest in the large intestine. After NPs are absorbed, they can be redistributed and deposited in different organs and tissues.[@b17-ijn-13-8487] The liver, spleen, and mesenteric lymph nodes have been selected as priority target organs for oral administration.[@b18-ijn-13-8487] Nanosized cerium oxide particles were mostly observed to be retained in the lung tissue via inhalation.[@b19-ijn-13-8487] Inhalation studies of some NPs have confirmed that some inhaled substances are transferred to extrapulmonary organs. For example, NPs can enter the central nervous system through olfactory neurons and cause an inflammatory response.[@b20-ijn-13-8487]

### Translocation/deposition of NPs

After dermal, pulmonary, and gastrointestinal exposure, NPs can be absorbed into the blood. Generally, NPs are rapidly absorbed in the blood and distributed to tissues.[@b21-ijn-13-8487]--[@b24-ijn-13-8487] Current studies have shown that NPs first enter and distribute in the exposed site after exposure of animals to NPs via inhalation, ingestion, or injection, and then, they translocate to secondary organs, such as the liver, spleen, kidneys, brain, ovaries, and testes; traces of these NPs have also been detected in the blood and urine.[@b2-ijn-13-8487] Mononuclear phagocytic cells possess a nonspecific immune defense function and swallow and digest foreign substances. NPs as foreign substances can be taken up by mononuclear phagocytic cells, which is the main route by which NPs enter tissues and cells. Some circulatory proteins can bind NPs to the blood and increase the rate of phagocytosis.[@b20-ijn-13-8487] Animal and human studies have shown that macrophage clearance is the main reason NPs can translocate through the circulatory and lymphatic system to many tissues and organs.[@b25-ijn-13-8487] After translocation through circulation, NPs can permeate some biological membranes and accumulate in reproductive organs. Studies have revealed that some of the most promising NPs demonstrate prolonged tissue residence.[@b26-ijn-13-8487]

NPs can cross biological barriers, including the barriers that protect reproductive tissue.[@b27-ijn-13-8487] Several studies have demonstrated that various NPs can pass through the blood--testis barrier (BTB) and exert their toxic actions on spermatogenesis.[@b28-ijn-13-8487] Regarding deposition and translocation, the ability of NPs to cross both the blood--brain barrier and the BTB is highly important.[@b29-ijn-13-8487],[@b30-ijn-13-8487] However, specific physical and chemical properties of NPs (ie, size, shape, and polarity) may allow for their passage through these biological barriers,[@b2-ijn-13-8487] but the underlying mechanism remains unclear. One study attempted to investigate the mechanisms by which ZnO NPs exert reproductive effects using a mouse Sertoli cell line (TM-4) and spermatocyte cell line (GC2-spd). Liu et al[@b31-ijn-13-8487] suggested that ZnO NPs can induce ROS and cause DNA lesions in germ cells. ZnO NPs could impair the BTB by downregulating the expression of gap junction proteins and disrupting the cell membrane and mitochondrial outer membrane in Sertoli cells, potentially leading to BTB injury and further destroying BTB integrity. Furthermore, ROS and the secretion of cytokines play important roles in BTB disruption, significantly increasing the oxidative stress status (ie, leading to increased ROS and malondialdehyde levels and decreased glutathione levels) and increasing the cytokine (TNF-α) levels in Sertoli cells.

In addition to the adverse effect on reproductive system of parental, NPs can also affect the development of the offspring. Hydrophilic molecules and particles above 1 kDa are usually unable to cross the placental barrier. However, some studies have shown otherwise. NPs can cross the placental barrier, and increasing evidence suggests that particle characteristics and functionalization can, to some extent, affect particle transfer.[@b32-ijn-13-8487] Philbrook et al[@b33-ijn-13-8487] identified AgNPs using transmission electron microscopy (TEM) in the fetal livers and kidneys of mouse dams after orally taken AgNPs. However, different opinions exist regarding whether NPs can penetrate the placental barrier.[@b34-ijn-13-8487] Recent research has indicated that certain NPs can reach the fetal circulation and accumulate in fetal organs. For some NPs, evidence indicates potential teratogenic effects, but whether these effects are caused by the translocated particles or a release of maternal or placental mediators remains unclear.[@b32-ijn-13-8487] Myllynen's study showed that gold NPs can pass through the placental barrier.[@b94-ijn-13-8487] However, NPs could not be detected in the fetus.

Male reproductive toxicity of NPs
=================================

Previous studies have shown that NPs can accumulate in the testis prostate gland and epididymis via blood circulation or direct contact with NPs, causing cytotoxicity. In males, the testis and epididymis are the main targets of NPs in the genital area, and research has shown that most of the NPs can reach male mouse reproductive organs or tissues, such as the testis, epididymis, and seminiferous tubule, through different routes.[@b35-ijn-13-8487] One study concluded that nanosized TiO~2~ had severe toxic effects on the reproductive system in male rats. Oral administration of nanosized TiO~2~ alone resulted in marked changes in body weight and the relative weights of the testis and accessory male sex organs in a time-dependent manner.[@b36-ijn-13-8487] The reproductive toxicity of NPs has been demonstrated in many reports. However, other studies have reported contrasting results. After intramuscular injection of well-characterized 70 nm gold core--silica shell NPs in mice, no particles were found to reach the testes.[@b37-ijn-13-8487] In this article, we discuss the male reproductive toxicity of NPs in terms of the following aspects ([Figure 1](#f1-ijn-13-8487){ref-type="fig"}).

Effect on reproductive organs (potential adverse effects on reproductive organs)
--------------------------------------------------------------------------------

Kim et al[@b30-ijn-13-8487] showed that 50 nm magnetic NPs can penetrate the mouse BTB. Thus, NPs can pass through the BTB and be deposited in the testes and other reproductive organs, further affecting these organs. In male rats, the weights decreased gradually, and the ratio of the epididymis weight to the body weight increased after gavage with nickel NPs.[@b38-ijn-13-8487] However, Garcia reported that the intravenous injection of AgNPs in male CD1 mice resulted in no changes in the body and testis weights.[@b39-ijn-13-8487] These contrasting results may be attributable to the use of different types of NPs. Indeed, some substances may cause these types of changes, whereas others might not. Another change in reproductive organs was observed in some experiments. Histological examination revealed that graphene oxide exposure was associated with structural damage in the testicles, but the alteration in structure showed recovery within 30 days.[@b40-ijn-13-8487] Gold alloys might induce the inflammation of the epididymis, which is important because the inflammation decreases sperm motility.[@b41-ijn-13-8487] Alterations in the testis seminiferous tubule morphometry in rats treated with 200 nm AgNPs were observed. CeO~2~ NPs could also lead to congestion and degeneration of seminiferous tubules.[@b42-ijn-13-8487] Another study showed that nSP70 could penetrate the BTB and nuclear membranes of sperm cells without producing significant testicular damage.[@b43-ijn-13-8487] Amorphous nanosilica particles (nSPs) can penetrate the BTB and the nuclear membranes of spermatocytes without producing significant testicular damage.[@b44-ijn-13-8487]

In addition to morphological changes, some marker changes were also found. TiO~2~ NPs could significantly increase serum prostate-specific antigen level and serum prostatic acid phosphatase (PAP) activity.[@b45-ijn-13-8487] In addition, intra-gastric administration of TiO~2~ NPs significantly increased the activity of the testicular marker enzyme γ-Glutamate transpeptidase (γ-GT) and acyl carrier protein (ACP) activity. Another study showed an increase in serum PSA concentration after treatment with ZnO NPs.[@b46-ijn-13-8487] PAP concentrations may be related to benign prostatic hyperplasia, prostatic infarction, and manipulation of the prostate gland.[@b47-ijn-13-8487] γ-GT and ACP activity might be related to impaired spermatogenesis.[@b48-ijn-13-8487] The increased prostate specific antigen and γ-GT levels and increased activity of PAP and ACP might indicate injury of the prostate and testes.

The toxicity of NPs in the testicles depends on the particle dose and type; however, the salt solubility has no significant positive effects. It seems that AgNPs are the most toxic. In addition, particle size is a critical factor in the nanotoxic effects on the reproductive system.

Effect on germ cells
--------------------

### Effect on sperm (potential reversible adverse effect on sperm count morphology and dynamics)

Much research has shown that NPs can pass through the BTB and cause changes in sperm morphology and decrease the number and viability of sperm. However, the impact varies from species to species and according to different types of NPs. One study showed that injecting Wistar mice with AgNPs via the tail vein led to an apparent decrease in the sperm count. In addition to the decline in number, morphological changes were also observed. Folded, amorphous spermatozoa, cells lacking or showing a small hook, and cells with undulating or elongated heads were the most frequent abnormalities found. However, no difference was observed between different dose groups or sizes.[@b43-ijn-13-8487],[@b49-ijn-13-8487] Another study showed significant decreases in sperm motility and live percentage and the development of abnormal sperm after treatment with ZnO NPs. In addition, increasing the dose led to greater toxicity.[@b42-ijn-13-8487] In Taylor et al's[@b34-ijn-13-8487] study, a decrease in sperm motility and severe morphological defects in treated spermatozoa were observed after gold NP exposure. However, in that study, the decrease in motility was not accompanied by an increase in abnormal sperm morphologies or impaired membrane integrity. In Chen's study,[@b95-ijn-13-8487] the acrosome integrity of the sperm from AgNP-treated animals was impaired. Another study demonstrated that nanotubes can accumulate in the testes, ultimately generating oxidative stress and decreasing the thickness of the seminiferous epithelium in the testes. However, this type of sperm toxicity might be reversible via the metabolism of the germinal epithelium.[@b50-ijn-13-8487] All the above-mentioned articles revealed that various NPs can exert adverse effects on both the quality and quantity of sperm. All of these works reported a decreased sperm count and abnormal morphology, but some studies have shown that this type of toxicity can be reversed by metabolism.

### Effect on other cells (potential adverse effect on other cells)

NPs have been reported to not only affect sperm but also alter the viability, proliferation, and gene expression of Leydig cells.[@b51-ijn-13-8487] One study found that AgNPs can reduce cellular proliferation in mammalian spermatogonial stem cells (SSCs) in vitro and might lead to decreased fertility in vivo. An in vivo study revealed that AgNPs can significantly change the epithelial morphology, germ cell apoptosis, and Leydig cell size and increase the level of DNA damage in germ cells.[@b39-ijn-13-8487],[@b43-ijn-13-8487],[@b52-ijn-13-8487] A high concentration of graphene can be toxic to SSCs. However, surface modification can reduce this toxicity.[@b53-ijn-13-8487] Shedding of epithelial cells from raw seminiferous tubules, disordered arrangement of cells in the tube, and the appearance of cells were observed after the administration of nickel NPs via gavage.[@b38-ijn-13-8487] Another study showed that after ZnO treatment, degenerative changes, atrophy, and necrosis were observed in most seminiferous tubules. These changes increased gradually as the dose was increased. At a dose of 300 mg/kg, focal mild testicular degeneration of single or several layers of vacuolated spermatocytes near congested interstitial blood vessels was found. Few desquamated spermatocytes were seen in the lumen of some seminiferous tubules. In contrast, at 400 mg/kg, shrunken, disorganized seminiferous tubules with irregular basement membranes and incomplete spermatogenesis were observed. Some tubules showed coagulative necrosis, and the seminiferous tubules were almost empty of spermatids and spermatozoa.[@b28-ijn-13-8487]

Effect on hormone levels
------------------------

Some hormone levels have been reported to change after exposure to some NPs. One study showed that when low-dose (1 mg/kg/dose) AgNPs were intravenously injected into male CD1 mouse serum, the intratesticular testosterone (T) concentrations increased significantly.[@b39-ijn-13-8487] In another study, the serum T level decreased significantly after treatment with ZnO NPs but increased significantly after supplementation with quercetin.[@b54-ijn-13-8487] After treatment with CeO~2~ NPs, decreases in T, FSH, LH, and prolactin (PRL) were discovered.[@b42-ijn-13-8487] However, another study revealed that the T, E2, FSH, and LH profiles were not altered by AgNP treatment, and the serum concentrations of FSH, LH, T, and E2 did not differ significantly between the experimental groups treated with different doses of AgNPs (15 and 30 µg/kg).[@b55-ijn-13-8487] No unified theory about how hormone levels change after exposure to NPs exists. Indeed, these changes might be influenced by different factors, such as particle type, size, and time of exposure. Furthermore, hormone levels might be regulated by the hypothalamic--pituitary--testis axis. Serum concentrations of T, progesterone (P4), corticosterone, and FSH and testicular concentrations of steroidogenic acute regulatory protein and 17β-hydroxysteroid dehydrogenase mRNA were decreased after exposure to nanoparticle-rich diesel exhaust (NR-DE) or filtered diesel exhaust (F-DE). In contrast, serum concentrations of immunoreactive inhibin were increased after exposure to NR-DE or F-DE, whereas transcription of FSH receptor mRNA was only increased in the NR-DE exposure group.[@b56-ijn-13-8487] Most of the results showed a decrease in T, which might result in testis injury, and the negative feedback effect might be related to a rise in LH and FSH levels. Another possible way that NPs could affect hormones is that NPs might impact the hypothalamus and pituitary and cause a decrease in LH and FSH secretion. A reduction in LH and FSH would then reduce T levels. This might be the reason why the results were inconsistent. However, further research of how NPs affect hormones should be conducted. The lack of in vitro studies is still a problem.

Effect on sexual behavior
-------------------------

One experiment evaluated several sexual behaviors, including the number of mounts, intromissions, ejaculatory intervals, attempted mounts, and ejaculations and the time to first ejaculation; however, none of these behaviors differed among the experimental groups.[@b55-ijn-13-8487] Few reports on the effects of NPs on sexual behavior are available. Thus, further studies about how NPs affect sexual behaviors are needed.

Other effects
-------------

In addition to the changes described earlier, NPs can also alter the molecular and gene expression levels. After exposure to FeNPs, the total protein, aspartate transaminase (AST), alanine transaminase (ALT), and globulin levels increased significantly, whereas the glucose, ALP, and potassium levels clearly decreased.[@b57-ijn-13-8487]

Female reproductive toxicity of NPs
===================================

One study found that NPs are more likely to accumulate in females,[@b58-ijn-13-8487] but the same result is not reported in other works. Accumulation of NPs in rodent ovaries was observed, and this accumulation was determined to be size dependent and limited to special regions of the ovaries.[@b59-ijn-13-8487] Thus, NPs can enter the female reproductive system and damage the female reproductive organs and cells, thereby compromising their fertility and fetal development.

However, one study has shown that repeated oral doses of multiwalled carbon nanotubes (MWCNTs) during pregnancy induce minimal maternal toxicity and no embryo--fetal toxicity at 1,000 mg/kg/day in rats.[@b60-ijn-13-8487]

Effect on reproductive organs
-----------------------------

NPs adversely affected uterus and ovaries by secondary deposition after blood circulation. Research showed that smaller NPs are better able to accumulate in the uterus.[@b61-ijn-13-8487] ZnO NP exposure before and during pregnancy and lactation could pose health risks to pregnant females and their fetuses.[@b62-ijn-13-8487] One study detected the accumulation of NPs, nanocapsules, and nanosized lipid emulsions in specific locations in rodent ovaries. This phenomenon was further characterized by ex vivo fluorescence imaging and confocal laser scanning microscopy. Based on extensive in vivo and ex vivo studies, the enrichment was size dependent. Larger particles seemed to accumulate to a greater extent than smaller ones. Because this accumulation was limited to special regions in the ovaries, the toxic risk for human beings could be rather low.[@b59-ijn-13-8487] Some reports have also suggested that NPs deposit in the ovaries and affect reproductive organs. One study reported that decreased ovary weight coefficients were caused by NiNPs.[@b62-ijn-13-8487] Short- and long-term exposure of *Drosophila* to AgNPs during the adult stage significantly affected their egg-laying capability and resulted in impaired ovary growth.[@b63-ijn-13-8487]

Effect on germ cells
--------------------

### Effect on follicles

Titanium dioxide particles cause morphological changes in follicles and may lead to a reduced number of mature oocytes. NPs can affect both primary and secondary follicles by disturbing their development. A shapeless follicular antrum and irregular arrangement of cells were observed, suggesting that the ovaries are damaged by long-term exposure to TiO~2~ NPs.[@b64-ijn-13-8487] Atretic follicles were increased after exposed to nano-TiO~2~.[@b64-ijn-13-8487] However, only a few reports have described how NPs affect follicles, and more experiments should be conducted to confirm these results.

### Effect on other cells

TiO~2~ NPs can accumulate in the cytoplasm and nuclei of ovarian cells and induce apoptosis. A previous report showed that after exposure to TiO~2~ NPs, the ultrastructure of the mitochondria and nuclei of ovarian cells was impaired. Mitochondrial swelling and rupture, nuclear chromatin condensation, and irregularity of the nuclear membrane were observed.[@b64-ijn-13-8487] Another study indicated that exposure to nickel NPs resulted in ovarian lymphocytosis, luteal cell increase, and cavitation increased eosinophils and inflammatory cell infiltration in rat ovarian tissues.[@b38-ijn-13-8487] Intact NPs were detected in hen ovarian tissues after treatment with ZnO NPs, and treatment significantly decreased the egg yolk lipid content.[@b66-ijn-13-8487] All three kinds of NPs could deposit in ovarian cells and further damage these cells at the molecular level and genetic level. These injuries may indirectly affect fertility.

Effect on hormone levels
------------------------

As they do in males, NPs can also cause imbalance of sex hormones in females. In females, sex hormones maintain the reproductive cycle, which is crucial for the female reproductive system. The imbalance of sex hormones induced by NPs might affect fertility. Kong reported that NPs increased the serum levels of FSH and LH and lowered the E2 serum level in female rats.[@b38-ijn-13-8487] Another study showed that TiO~2~ NP exposure caused significant increases in E2 and FSH and reductions in P4, LH, and T; however, the levels of PRL and sex hormone-binding globulin showed no significant changes.[@b64-ijn-13-8487] In addition, poly(ethylene glycol)-*block*-poly([d]{.smallcaps},[l]{.smallcaps}-lactic acid) (PEG-*b*-PLA) increased the weight of the pituitary gland due to hyperemia, vascular dilatation, and congestion, altered hypothalamic gonadotropin-releasing hormone-stimulated LH secretion, and increased P4 serum levels.[@b27-ijn-13-8487] Therefore, the change in hormone levels might involve a more complicated process. In addition to sex gland secretory hormones, the hypothalamic--pituitary gland axis also plays an important role. Further investigation is required to reveal how NPs affect sex hormones and their underlying mechanisms.

Effect on sexual behavior
-------------------------

Only a few studies have addressed the effects of NPs on sexual behavior. Rollerova et al[@b27-ijn-13-8487] suggested that PEG-*b-*PLA can disturb the estrous cycle of Wistar rats. Low-dose PEG-*b*-PLA can significantly reduce the number of regular estrous cycles and advance the onset of puberty in a dose-dependent manner. In exposed carbon nanotubes to female mice, delivery of the first litter was delayed by an average of 5 days.[@b67-ijn-13-8487]

Other effects
-------------

Some studies have demonstrated that NPs can affect fetal development, and a review suggests that carbon-based NMs (CNMs) may adversely affect pregnancy and embryonic/fetal development. The data suggest that the size, shape, surface properties and chemistry, concentration, agglomeration, dose, and preparation of CNMs are all determinants of biological activities that may lead to developmental and reproductive toxicity in a dose-dependent manner (the higher the concentration, the greater the toxicity).[@b68-ijn-13-8487] In addition, some of the reports showed that NP-induced toxicity can be amplified in the pregnant population. TiO~2~ NPs appeared toxic in nonpregnant BALB/c mice but led to robust and persistent acute inflammation in pregnant BALB/c mice.[@b69-ijn-13-8487] Certain NPs injected intravenously into mice did cause placental abnormalities and pregnancy complications depending on particle size and surface chemistry.[@b70-ijn-13-8487] One study showed that MgO NPs produced significant toxicity with genotoxic, biochemical, histopathological, and biodistribution parameters, and they also found elevated levels of MDA and depletion of GSH, catalase (CAT), and superoxide dismutase (SOD), which indicate the occurrence of oxidative stress. Thus, the genotoxicity may be caused by ROS.[@b71-ijn-13-8487] Gao et al's[@b64-ijn-13-8487] study indicated that TiO~2~ NP exposure decreased the fertility and development of young mice. Others showed that NPs can show toxic effects by altering gene expression. Microarray analysis revealed that 223 genes of known function were upregulated in the ovaries of mice treated with TiO~2~ NPs compared with their expression in controls, while 65 ovarian genes were downregulated. TiO~2~ NPs increased the expression of insulin-like growth factor-binding protein 2, EGF, TNF-α, tissue plasminogen activator, IL-1β, IL-6, Fas, and FasL and significantly decreased the expression of insulin-like growth factor-1, LH receptor, inhibin a, and growth differentiation factor 9 in the mouse ovary.[@b65-ijn-13-8487] The levels of AST, ALT, ALP, amylase, sodium, potassium, and chloride were remarkably decreased in the blood of female offspring mice, whereas the glucose level was elevated after FeNP exposure ([Table 1](#t1-ijn-13-8487){ref-type="table"}).[@b57-ijn-13-8487]

Mechanisms involved in reproductive toxicity
============================================

NPs have been reported to induce reproductive toxicity, but the mechanism is not well understood. The mechanism most reported to underlie the reproductive toxicity of NPs is ROS generation. ROS comprise oxygen species that can damage cells and DNA, and the change in the genetic material may be inherited by the next generation. NPs pass through the outer membranes of gonads and generate ROS in the membranes of spermatocysts and ovarioles and in internal germ cells, leading to the induction of early germ cell death or malformations via complex mechanisms related to apoptosis and autophagy through mitochondrial and lysosomal pathways.[@b72-ijn-13-8487] AgNPs cause apoptosis, necrosis, and decreased proliferation and an increase in DNA strand breaks in NT2 cells.[@b73-ijn-13-8487]

Oxidative stress
----------------

ROS and free radical species can damage sperm function and DNA integrity. Thus, oxidative stress has been considered one of the most important causes of male infertility.[@b28-ijn-13-8487] AgNP exposure has been associated with ROS production that can decrease mitochondrial activity in macrophages. The oxidative stress status was assessed by the levels of GSH and lipid peroxidation (MDA). GSH, as a marker of intracellular antioxidant capacity, was lower following treatment with ZnO NPs in both TM-4 cells and GC2-spd cells. However, increased MDA levels were found in TM-4 cells due to oxidative stress.[@b31-ijn-13-8487]

ZnO NP-induced ROS could damage cell and organelle membranes. ZnO NPs can alter cell membrane permeability and affect the mitochondrial membrane potential. This review showed that ZnO NPs increased TM-4 cell membrane permeability and decreased mitochondrial membrane potential. The expression of claudin-5, occludin, ZO-1, and connexin-43 was significantly decreased. The damage caused by ZnO NPs could be partially reduced when treated with ROS inhibitor. These results suggest that ZnO NPs are able to induce ROS generation, cause damage to TM-4 cells, and disrupt the integrity of the BTB. In addition to cytological changes, some molecular changes have also been discovered. NPs could increase Erk1/2 and TNF-α, while pretreating the cells with N-acetyl-L-cysteine (NAC) partially reversed this effect.[@b31-ijn-13-8487] Erk1/2 and TNF-α might be involved in the ROS induced by ZnO NPs. On the one hand, ROS might be due to the activation of ErK1/2 and TNF-α, and, on the other hand, it could lead to the increase in Erk1/2 and TNF-α. It can also cause apoptosis, inflammation, and DNA damage. However, more data should be gathered to reveal the relationship between ErK1/2 and TNF-α and ROS induced by NPs.

Cell apoptosis
--------------

Apoptosis is a process of programmed cell death that occurs in multicellular organisms to maintain homeostasis of the intracellular environment. The characteristics of this process are changes in morphology, cell death, and apoptotic bodies. Apoptotic bodies are cell fragments that are then phagocytosed by phagocytic cells before the cellular contents can damage the surrounding cells. Many studies have confirmed that NPs can induce apoptosis in cells. Furthermore, apoptosis of reproductive cells has recently been confirmed. A previous study showed that AgNPs decrease mitochondrial activity and lead to apoptosis and necrosis of germline stem cells.[@b74-ijn-13-8487] The literature also reports that some NPs can alter the expression of the *BAX* and *BCL-2* genes, which are controlled by apoptosis, but the results are not consistent. Silver NPs did not alter the gene expression of BAX and BCL-2.[@b75-ijn-13-8487] However, graphene was shown to activate Bim and Bax. The different results might be due to the different materials, particle sizes, and surface modifications. Apoptosis could be caused by the activation of the mitochondrial pathway due to the depletion of the mitochondrial membrane potential and increased ROS in the cells. The MAPK (JNK, ERK, and p38) and TGF-β pathways were found to be activated in pristine-graphene-treated cells. These two pathways activated Bim and Bax as well as caspase-3 and its downstream effector proteins.[@b76-ijn-13-8487] However, this result was found in only one study, and the mechanism of how other NPs induce apoptosis requires further study.

DNA damage
----------

As mentioned previously, NPs can cause oxidative stress and lead to DNA damage both in vivo and vitro. After exposure to ZnO NPs, γ-H2AX, p-Chk1, and p-Chk2 protein levels were increased, whereas APE1 protein expression was decreased in GC2-spd cells. When oxidative stress was inhibited, the expression of these genes was partially reversed. This result suggests that ZnO caused genetic changes and led to DNA damage, which is partially induced by ROS. ZnO NPs can also cause changes in the cell cycle through oxidative stress, increasing the number of cells in the S phase and upregulating the expression of cell-cycle proteins.[@b31-ijn-13-8487] γ-H2AX is upregulated to repair damaged DNA, but ZnO NPs inhibit γ-H2AX expression in ovarian cells (CKO-K1 cells). Furthermore, NF-κB (p65) was significantly decreased by ZnO NPs. The impairment caused by ZnO NPs can be transmitted through cell generations; therefore, ZnO NPs can cause embryonic toxicity.[@b66-ijn-13-8487]

The effects on reproduction are correlated with altered DNA methylation patterns in the germ line. Methylation of DNA is sensitive to environmental changes. NPs might directly induce DNA methylation, or NPs could lead to alterations in sex hormones, and the hormone alterations could lead to DNA methylation.[@b78-ijn-13-8487] TiO~2~ NPs and AgNPs showed a tendency to cause DNA damage.[@b73-ijn-13-8487] In addition to autophagy and DNA damage, NPs could upregulate a series of pro-inflammatory genes such as TNF-α, IL-1, IL-6, and IL-8, then activate NF-κB signaling. This result indicated that NPs could cause inflammation. The inflammation could lead to ROS, and then cause DNA damage and apoptosis.[@b79-ijn-13-8487]

Other mechanisms
----------------

Studies have found that various sources of NPs can enter the cell through endocytosis and accumulate in cells. Because NPs are foreign substances, they will be phagocytized by lysosomes, resulting in the aggregation of NPs in lysosomes and impairing the lysosomal degradation capacity through alkalinization of the lysosomal pH. This process indicated that NPs could induce autophagy. Previous studies showed that AuNPs induced autophagy in germ cells. Upregulation of LC3 and downregulation of P62 can be found in gold AuNP-treated cells. The upregulation of LC3, an autophagy-related protein, indicates autophagy, whereas the downregulation of p62 indicates that autophagosome degradation is impeded.[@b77-ijn-13-8487]

Limitations and prospects
=========================

To date, the major weakness in the existing research is the almost purely descriptive understanding of results relating to the toxic effects of NPs, while the underlying mechanisms remain unclear. There are only a few studies about the interactions between NMs and biological matter on the molecular level; most of the research remains at the macro-level. Thus, future studies should explore NP toxicity at the molecular level. The current studies of NP toxicity toward the reproductive system typically focus on individual alterations, but the connection between each individual alteration is rarely studied. Thus, further research should attempt a more in-depth examination of the molecular mechanisms of nanotoxicity and the interaction between each individual alteration. The investigations of reproductive toxicity are also imbalanced in gender. There are more studies on males than those on females. This may be because the female reproductive system is more complex than the male reproductive system and that the toxicity not only affects the parental generation but also the offspring.

The study of nanotoxicity is multidisciplinary and requires several levels of interdisciplinary research. During the last decade, much research has been performed to understand the effects of NMs used for various applications. Unfortunately, the current information about the effects of NMs on overall reproductive outcomes is still lacking. Therefore, long-term studies using animal models that are phylogenetically close to human beings and exposure conditions that reflect realistic scenarios regarding the dosages and routes of administration are needed. In addition, similar studies should be conducted for indicator species of sensitive ecosystems to estimate the impacts of NPs after intended or unintended release into the environment.

Conclusion
==========

Currently, NMs are widely used in many aspects of our lives, and thus, our risk of exposure to NMs has increased. NPs can enter the body through several different routes and produce toxicity in different systems, including the reproductive system. NPs have been shown to detrimentally affect the reproductive systems of mice in vivo and in vitro. At the cellular level, NPs can induce infertility by altering the activity, morphology, quality, and quantity of sperm. In female reproductive cells, NPs can disturb primary and secondary follicle development, causing irregular cell arrangement and a shapeless follicular antrum. In addition, NPs can impact Leydig cell viability, proliferation, and gene expression. The toxicity of NPs is dose and size dependent, and for some NPs, the core structure and surface chemistry are also important. On the organ level, NPs can deposit in the ovary and testis, leading to weight decreases of the testis and epididymis and changes in the testis seminiferous tubule morphometry. On the body level, the levels of some hormones have been observed to change; for example, in male mice, the serum and intratesticular T levels have been shown to decrease. In females, increases in E2 and FSH and reductions in P4, LH, and T were observed. Sexual behavior changes were not observed in males, whereas in females, one study showed a reduced number of regular estrous cycles. Furthermore, the mechanisms underlying all these alterations remain unclear. Oxidative stress-induced apoptosis caused by NP exposure is considered the main factor in the reproductive and developmental toxicity of NPs. The levels of GSH, lipid peroxidation (MDA), and GSH were increased after NP exposure, indicating increased ROS production. Apoptosis may be caused by NPs directly or as a result of ROS generation. The mechanism underlying the reproductive toxicity of NMs remains incompletely understood and must be investigated further to determine how NPs induce these effects and what occurs after ROS or apoptosis occurs.
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Adverse effect of NPs on the reproductive system

  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Drug                                                                                                                                                            Model                                                                                                                                                                   Exposure time                                                                                                 Dose                                                                                                                                                        Index                                                                                                                                                                                                                                                                                                                                                                                               Result                                                                                                                                                                                                                                                  References
  --------------------------------------------------------------------------------------------------------------------------------------------------------------- ----------------------------------------------------------------------------------------------------------------------------------------------------------------------- ------------------------------------------------------------------------------------------------------------- ----------------------------------------------------------------------------------------------------------------------------------------------------------- --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- ---------------------------------------------
  Single-walled carbon nanotubes                                                                                                                                  Human sperm                                                                                                                                                             0.5--3 hours (0 minute, 30 minutes, 3 hours)                                                                  1--25 µg/mL (1, 5, 25 µg/mL)                                                                                                                                Viability, VCL, VSL, ROS, and NOS levels of sperm                                                                                                                                                                                                                                                                                                                                                   1\. Not affect sperm viability\                                                                                                                                                                                                                         Asghar et al[@b80-ijn-13-8487]
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        2. Generate reactive superoxide species\                                                                                                                                                                                                                
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        3. Not hinder the sperm sorting process                                                                                                                                                                                                                 

  Reduced GO                                                                                                                                                      Human sperm                                                                                                                                                             0.5--3 hours (0 minute, 30 minutes, 3 hours)                                                                  1--25 µg/mL (1, 5, 25 µg/mL)                                                                                                                                Viability, VCL, VSL, ROS, and NOS levels of sperm                                                                                                                                                                                                                                                                                                                                                   1\. Not affect sperm viability\                                                                                                                                                                                                                         Asghar et al[@b80-ijn-13-8487]
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        2. Not hinder the sperm sorting process\                                                                                                                                                                                                                
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        3. Not produce significant ROS\                                                                                                                                                                                                                         
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        4. Sperm motility ↓                                                                                                                                                                                                                                     

  GO (2.496 nm)                                                                                                                                                   SSCs                                                                                                                                                                    24 hours                                                                                                      0, 1, 10, 100, and 400 g/mL                                                                                                                                 MTT, ROS, comet assay, acridine orange staining                                                                                                                                                                                                                                                                                                                                                     1\. Spermatogonial colonies, viable cells ↓\                                                                                                                                                                                                            Hashemi et al[@b53-ijn-13-8487]
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        2. The formation of intracellular vacuoles\                                                                                                                                                                                                             
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        3. Cell death, ROS ↑\                                                                                                                                                                                                                                   
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        4. Cell membrane and DNA damage\                                                                                                                                                                                                                        
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        5. Apoptosis                                                                                                                                                                                                                                            

  Reduced GO                                                                                                                                                      SSCs                                                                                                                                                                    24 hours                                                                                                      0, 1, 10, 100, and 400 g/mL                                                                                                                                 MTT, ROS, comet assay, acridine orange staining                                                                                                                                                                                                                                                                                                                                                     1\. Negative impact on cell morphology\                                                                                                                                                                                                                 Hashemi et al[@b53-ijn-13-8487]
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        2. Spermatogonial colony formation ↓, ROS ↑\                                                                                                                                                                                                            
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        3. DNA damage, dose-dependent manner\                                                                                                                                                                                                                   
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        4. Apoptosis                                                                                                                                                                                                                                            

  Zinc oxide (50 nm)                                                                                                                                              Mouse Sertoli cell line (TM-4) and spermatocyte cell line (GC2-spd)                                                                                                     24 hours                                                                                                      0, 0.04, 0.08, 0.4, 0.8, 4, 8, and 16 µg/mL                                                                                                                 Viability assay, ROS, high-content screening assay, protein preparation and Western blot assay, immunofluorescence assay, TNF-α level, cell-cycle analysis                                                                                                                                                                                                                                          1\. ROS ↑\                                                                                                                                                                                                                                              Liu et al[@b31-ijn-13-8487]
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        2. Glutathione level ↓, MDA level ↑\                                                                                                                                                                                                                    
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        3. BTB proteins (ZO-1, occludin, claudin-5, and connexin-43) in TM-4 and Sertoli cells ↓\                                                                                                                                                               
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        4. Cell permeability, TNF-α secretion ↑\                                                                                                                                                                                                                
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        5. Damage of germ cells\                                                                                                                                                                                                                                
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        6. γ-H2AX, p-Chk1, p-Chk2 ↑, APE1 ↓                                                                                                                                                                                                                     

  AgNPs (412 nm)                                                                                                                                                  TM-3, TM-4, mice (male)                                                                                                                                                 Abdominal subcutaneous injection five times (\[PND\] 8--21)                                                   0, 1, and 5 mg/kg                                                                                                                                           MTT, LDH leakage assay, histological examination, RT-PCRs, analyses of Mlh1 signals, sperm analysis                                                                                                                                                                                                                                                                                                 1\. Sperm abnormalities ↑\                                                                                                                                                                                                                              Zhang et al[@b81-ijn-13-8487]
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        2. The diameter of the convoluted tubules shrinkage\                                                                                                                                                                                                    
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        3. E1f1ay, Gsta4, Fdx1 ↑, Amh, Cx43, Claudin-11 ↓ on PND28, and recovered at PND60\                                                                                                                                                                     
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        4. No effect on the recombination levels of chromosomes in germ cells\                                                                                                                                                                                  
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        5. Shrinkage of the convoluted tubulesat PND28, PND42, and repaired by PND60 and PND100                                                                                                                                                                 

  AgNPs (60 nm)                                                                                                                                                   Prepubertal male Wistar rats                                                                                                                                            Orally treated (PND23 to PND58) sacrificed at PND102                                                          15 or 30 mg/kg/day                                                                                                                                          Acrosome integrity, plasma membrane integrity, mitochondrial activity, morphological alterations of the sperm, sexual partner preference, sexual behavior, and the serum concentrations of FSH, LH, T, and E2                                                                                                                                                                                       1\. Acrosome and plasma membrane integrities ↓\                                                                                                                                                                                                         Mathias et al[@b55-ijn-13-8487]
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        2. Mitochondrial activity ↓, abnormal sperm ↑\                                                                                                                                                                                                          
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        3. AgNP exposure also delayed the onset of puberty\                                                                                                                                                                                                     
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        4. No changes in sexual behavior or serum hormone concentrations\                                                                                                                                                                                       
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        5. Alterations in adult sperm parameters\                                                                                                                                                                                                               
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        6. The sperm sensitive to the toxic effects of AgNPs and adverse effects following exposure to lower doses                                                                                                                                              

  14 nm carbon NPs                                                                                                                                                Forty pregnant ICR mice and 120 male offspring                                                                                                                          Intratracheally on days 7 and 14 of gestation                                                                 200 mg                                                                                                                                                      Maternal and fetal growth, histological changes in the testes, and DSP                                                                                                                                                                                                                                                                                                                              1\. Partial vacuolation of seminiferous tubules\                                                                                                                                                                                                        Yoshida et al[@b82-ijn-13-8487]
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        2. Cellular adhesion of seminiferous epithelia ↓\                                                                                                                                                                                                       
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        3. DSP ↓\                                                                                                                                                                                                                                               
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        4. No changes on body weight, testicle weight, epididymis weight, or serum T concentration                                                                                                                                                              

  Iron oxide NPs (positively charged polyethyleneimine-Fe~2~O~3~-NPs (PEI-NPs), 28 nm, or negatively charged poly(acrylic acid)-Fe~2~O~3~-NPs (PAA-NPs)), 30 nm   CD1 (ICR; CD-1) mice                                                                                                                                                    GD: 8, 9, or 10                                                                                               10 and 100 mg/kg                                                                                                                                            Morbidity, mortality, behavioral changes, and alterations in general appearance, fetuses were weight, externally examined, reproductive organs, histological, mating, second-generation ability to become pregnant and produce viable offspring                                                                                                                                                     1\. A low dose of NPs, regardless of charge, did not induce toxicity. However, a high exposure led to charge-dependent fetal loss as well as morphological alterations of the uteri (both charges) and testes (positive only) of surviving offspring\   Di Bona et al[@b83-ijn-13-8487]
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        2. Positively charged PEI-NPs given later in organogenesis resulted in a combination of short-term fetal loss (42%) and long-term alterations in reproduction, including increased fetal loss for second-generation matings (mice exposed in utero)\    
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        3. Alternatively, negatively charged PAA-NPs induced fetal loss (22%) earlier in organogenesis to a lesser degree than PEI-NPs with only mild alterations in offspring uterine histology observed in the long term                                      

  CdTe QDs (2.0 nm)                                                                                                                                               Male BALB/c mice (18e22 g)                                                                                                                                              Intravenously (animals were sacrificed at 3 hours and 1, 3, 7, 15, 30, 60, and 90 days after the injection)   2.0 nmol per mouse and a low dose of 0.2 nmol per mouse                                                                                                     ICP-MS, histology, T, LH, FSH (RIA), sperm morphology, sperm nuclear DNA integrity, fertility                                                                                                                                                                                                                                                                                                       1\. High dose of CdTe affected body weight up to 15 days after exposure\                                                                                                                                                                                Li et al[@b84-ijn-13-8487]
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        2. Testes damaged\                                                                                                                                                                                                                                      
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        3. Quality of sperm ↓ in high dose\                                                                                                                                                                                                                     
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        4. The serum levels of three major sex hormones perturbed\                                                                                                                                                                                              
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        5. No change in pregnancy rate and delivery success of female mice                                                                                                                                                                                      

  AgNPs                                                                                                                                                           Prepubertal male Wistar rats                                                                                                                                            Orally by gavage (from PND23 until PND53)                                                                     0, 15, or 50 µg/kg                                                                                                                                          Daily weight, sperm count in testes and epididymis, morphology and morphometry of seminiferous epithelium, T and E2 levels                                                                                                                                                                                                                                                                          1\. The weight did not change markedly, but growth was less\                                                                                                                                                                                            Sleiman et al[@b85-ijn-13-8487]
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        2. Delay in puberty\                                                                                                                                                                                                                                    
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        3. Sperm reserves in the epididymis ↓, sperm transit time ↓\                                                                                                                                                                                            
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        4. The morphology of the seminiferous epithelium was altered\                                                                                                                                                                                           
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        5. Altered reproductive developmentin prepubertal male Wistar rats, as evidenced by spermatogenesis ↓, sperm count ↓ in adulthood                                                                                                                       

  ZnO NPs (30--70 nm)                                                                                                                                             Human semen samples                                                                                                                                                     180 minutes                                                                                                   10, 100, 500, and 1,000 µg/mL                                                                                                                               MTT                                                                                                                                                                                                                                                                                                                                                                                                 1\. Cell death percentage ↑\                                                                                                                                                                                                                            Barkhordari et al[@b86-ijn-13-8487]
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        2. Toxicity is dose dependent\                                                                                                                                                                                                                          
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        3. Differences in cell viability after 180 minutes vs 45 and 90 minutes                                                                                                                                                                                 

  NiNPs (90 nm)                                                                                                                                                   SD rats                                                                                                                                                                 Gavage: 10 weeks                                                                                              0, 5, 15, 45 mg/kg                                                                                                                                          Body weight, organ weight, sex hormone levels, sperm motility, histopathology, and reproductive outcome                                                                                                                                                                                                                                                                                             1\. FSH, LH ↑, E2 serum levels ↓\                                                                                                                                                                                                                       Kong et al[@b38-ijn-13-8487]
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        2. Ovarian lymphocytosis ↑, vascular dilatation and congestion, inflammatory cell infiltration, apoptotic ↑ in ovary tissues\                                                                                                                           
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        3. Body weights ↓, the ratio of epididymis weight over body weight ↑, the motility of sperm changed\                                                                                                                                                    
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        4. Shedding of epithelial cells of raw seminiferous tubules, disordered arrangement of cells in the tube 5, and the levels of FSH and T diminished                                                                                                      

  SiNPs (57.66 nm)                                                                                                                                                C57 male mice                                                                                                                                                           Tracheal perfusion every 3 days for 45 days (in total 15 times)                                               2 mg/kg                                                                                                                                                     Sperm motility, histological structure and ultrastructure of testes, apoptosis of spermatogenic cells (TUNEL), oxidative stress indices in the testes (SOD, MDA, 3-NT), protein expression in rIPK1 signal pathway (Western blots)                                                                                                                                                                  1\. Malformation of sperm ↑, motility and concentration of sperm ↓ in epididymis\                                                                                                                                                                       Ren et al[@b87-ijn-13-8487]
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        2. Oxidative, apoptosis, necroptosis\                                                                                                                                                                                                                   
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        3. Fas, FasL, RIPK1, FADD, caspase-8, caspase-3, RIPK3/MLKL ↑ in the 45th day\                                                                                                                                                                          
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        4. No change in Fas, FasL, RIPK1, FADD, caspase-8, caspase-3, RIPK3, MLKL in the 75th day\                                                                                                                                                              
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        5. Damage recovered on the 75th day                                                                                                                                                                                                                     

  Amorphous nSPs (300 nm)                                                                                                                                         BALB/c mice (male, 9 weeks old)                                                                                                                                         Tail vein injected intravenously at 2 days/4 days                                                             0.4 and 0.8 mg                                                                                                                                              Histology, ALT, AST, BUN, TEM                                                                                                                                                                                                                                                                                                                                                                       1\. nSP70 were detected within Sertoli cells and spermatocytes, including in the nuclei of spermatocytes\                                                                                                                                               Morishita et al[@b44-ijn-13-8487]
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        2. No nSP300 were observed in the testes\                                                                                                                                                                                                               
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        3. Histological findings in the testes of nSP70-treated mice did not differ from those of control mice\                                                                                                                                                 
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        4. nSP70 can penetrate the BTB and the nuclear membranes of spermatocytes\                                                                                                                                                                              
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        5. Changes were observed in ALT and AST                                                                                                                                                                                                                 

  PbS NPs (30 nm)                                                                                                                                                 SD rats (180--240 g body weight 12--14 weeks)                                                                                                                           Gavage once a day, 5 days a week, continued exposure for 6 weeks                                              0, 25, 50, 100 mg/kg                                                                                                                                        Body weight, testicular coefficient, serum T levels, sperm survival rate, sperm abnormality rate, lead content measurements in the testis, pathology                                                                                                                                                                                                                                                1\. Autonomic activities ↓, marked listlessness, coarse surface skin or depilation, food consumption, water drinking ↓, fur luster ↓, slowed response\                                                                                                  Cao et al[@b88-ijn-13-8487]
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        2. The body weights not significantly changed 3. The testis coefficients ↑\                                                                                                                                                                             
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        4. Lead in rats' testis tissues ↑\                                                                                                                                                                                                                      
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        5. Sperm count, sperm survival rate ↓\                                                                                                                                                                                                                  
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        6. The T levels in serum ↑\                                                                                                                                                                                                                             
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        7. Seminiferous tubes ↓ and arrangement disordered, especially some seminiferous tubules appeared as vacuolar changes                                                                                                                                   

  Titanium dioxide NPs                                                                                                                                            albino rats (180--200 g)                                                                                                                                                Orally for 8 weeks                                                                                            100 mg/kg/day                                                                                                                                               Serum T level, organ weights, histopathological, body weight, sperm motility, morphology, and concentration                                                                                                                                                                                                                                                                                         1\. Body weight and testis, epididymis, seminal vesicle, and prostate gland weights ↓\                                                                                                                                                                  Morgan et al[@b89-ijn-13-8487]
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        2. Sperm motility, concentration, and viability percentage ↓\                                                                                                                                                                                           
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        3. Sperm morphological abnormalities (deformed head, detached head, curved tail, and coiled tail)\                                                                                                                                                      
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        4. Serum T level ↓\                                                                                                                                                                                                                                     
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        5. Marked histopathological alterations in testis, epididymis, seminal vesicle, and prostate gland                                                                                                                                                      

  Graphene NMs (GNPs--pristine, COOH and NH~2~) and GOs (SLGO and FLGO) 450 nm                                                                                    Human bronchial epithelial cells; nematode *Caenorhabditis elegans*                                                                                                     1.24 hours, 2.4--72 hours, 3.10 days in vivo, 4.72 hours                                                      1.5--150 mg/L of five different GFNs 2.20 mg/L and GOs 50, 3.10, and 50 mg/L in vivo 4.5--50 mg/L mixed in K-media                                          Colony formation assays, cell viability and cytotoxicity, morphology                                                                                                                                                                                                                                                                                                                                1\. GNPs exhibited higher toxicity than GOs in Beas2B cells\                                                                                                                                                                                            Chatterjee et al[@b90-ijn-13-8487]
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        2. GOs were found to be more toxic in the worms than GNPs\                                                                                                                                                                                              
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        3. SLGO exhibited profoundly greater dose dependency than FLGO                                                                                                                                                                                          

  AgNPs (20 and 200 nm)                                                                                                                                           14-week-old male Wistar rats                                                                                                                                            I.v. single dose (tail vein)                                                                                  5 and 10 mg/kg body mass                                                                                                                                    Epididymal sperm count and sperm morphology, Sperm cell DNA damage (alkaline comet assay), histological                                                                                                                                                                                                                                                                                             1\. Epididymal sperm count ↓\                                                                                                                                                                                                                           Gromadzka-Ostrowska et al[@b43-ijn-13-8487]
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        2. DNA damage in germ cells ↑\                                                                                                                                                                                                                          
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        3. Change in the testis seminiferous tubule morphometry\                                                                                                                                                                                                
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        4. No change in body weight, adipose tissue distribution, and the frequency of abnormal spermatozoa\                                                                                                                                                    
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        5. 20 nm AgNPs can be more toxic than 200 nm                                                                                                                                                                                                            

  AgNPs (10 nm)                                                                                                                                                   CD1                                                                                                                                                                     Intravenously injected                                                                                        1 mg/kg/dose 12 days                                                                                                                                        ICP-MS, testis stereology, Leydig cell counts and numbers, computer-assisted sperm analysis, mating assay, endocrinology (LH, FSH, T, IGF1), steroidogenic mRNA in the testis                                                                                                                                                                                                                       1\. No changes in body and testis weights\                                                                                                                                                                                                              Garcia et al[@b39-ijn-13-8487]
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        2. No changes in sperm concentration motility, fertility indices, or FSH and LH serum concentrations\                                                                                                                                                   
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        3. Serum and intratesticular T concentrations ↑\                                                                                                                                                                                                        
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        4. Changes in epithelial morphology, germ cell apoptosis, and Leydig cell size\                                                                                                                                                                         
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        5. Cyp11a1 and Hsd3b1 mRNA ↑                                                                                                                                                                                                                            

  GNRs (9--11 × 34--42 nm)                                                                                                                                        TM-4, GC2                                                                                                                                                               24 hours                                                                                                      0.1, 1, and 10 nM                                                                                                                                           TEM, MTT, flow cytometric analysis, metabolomic analysis, RNA isolation and quantitative RT-PCR assay, mRNA levels of glycine synthesizing enzyme genes (SHMT2, MTHFD1L, SHMT1, and MTHFD1), expression levels of junction factors (claudin-5, occludin, ZO-1, connexin-43, and GAPDH), content screening assay, ROS content, cellular ATP levels, mitochondrial membrane potential assay by JC-1   1\. Glycine ↓\                                                                                                                                                                                                                                          Xu et al[@b91-ijn-13-8487]
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        2. The mRNA levels of glycine synthases ↓ in the mitochondrial pathway\                                                                                                                                                                                 
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        3. Membrane permeability, mitochondrial membrane potentials ↓\                                                                                                                                                                                          
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        4. ZO-1, occludin, claudin-5, and connexin-43 were disrupted\                                                                                                                                                                                           
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        5. The harmful effects on mitochondria and BTB factors were recovered after glycine was added into the medium                                                                                                                                           

  AgNPs (20 and 200 nm)                                                                                                                                           Ntera2, primary testicular cells from C57BL6 mice of wild type, 8-oxoguanine DNA glycosylase knockout, 8--12-week-old male 8-oxoguanine DNA glycosylase knockout mice   24/48/72 hours                                                                                                10/50/100 g mL^−1^                                                                                                                                          MTT, PI/Hoechst staining (cell death), membrane integrity, nuclear morphology, single-cell gel electrophoresis, comet assay, cytokine assay                                                                                                                                                                                                                                                         1\. Cell number ↓\                                                                                                                                                                                                                                      Asare et al[@b73-ijn-13-8487]
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        2. Rate of proliferation of testicular cells ↓\                                                                                                                                                                                                         
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        3. Affected the mouse primary testicular cells\                                                                                                                                                                                                         
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        4. Number of viable cells ↓\                                                                                                                                                                                                                            
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        5. Necrotic cells in primary testicular cells\                                                                                                                                                                                                          
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        6. Apoptosis\                                                                                                                                                                                                                                           
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        7. DNA damage\                                                                                                                                                                                                                                          
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        8. ROS                                                                                                                                                                                                                                                  

  Water-soluble MWCNTs                                                                                                                                            Male BALB/c mice (20--25 g)                                                                                                                                             Repeated i.v. injections                                                                                      15 days single dose, 15 days multi-dose, 60 days multi-dose, and 90 days multi-dose groups for controls, COOH nanotubes, and amine nanotubes of 1.0 mg/mL   Sperm concentration, sperm movement, sperm morphological abnormalities, histological, oxidative stress, hormone measurements, fertility evaluations, TUNEL assay                                                                                                                                                                                                                                    1\. Cause reversible testis damage without affecting fertility\                                                                                                                                                                                         Bai et al[@b50-ijn-13-8487]
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        2. ROS\                                                                                                                                                                                                                                                 
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        3. Thickness of the seminiferous epithelium ↓ at day 15, repaired after 60 and 90 days\                                                                                                                                                                 
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        4. The quantity, quality, and integrity of the sperm and the levels of three major sex hormones were not significantly affected\                                                                                                                        
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        5. No change in pregnancy rate and delivery success                                                                                                                                                                                                     

  Mesoporous silica NPs                                                                                                                                           Boar sperm                                                                                                                                                              2, 3, and 4 hours                                                                                             10, 15, and 30 µg of particles per 107 sperm                                                                                                                TEM and SEM, sperm motility, viability, and association rates with MSNPs, acrosome morphology, sperm DNA fragmentation index                                                                                                                                                                                                                                                                        1\. Did not significantly detriment mean proportions of sperm motile\                                                                                                                                                                                   Barkalina et al[@b92-ijn-13-8487]
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        2. Did not affect acrosome status\                                                                                                                                                                                                                      
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        3. Acrosomal cap becomes detached from the sperm head\                                                                                                                                                                                                  
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        4. Mean DNA fragmentation index in the treated sperm was not significantly changed\                                                                                                                                                                     
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        5. Mean percentage of sperm binding MSNPs ↑                                                                                                                                                                                                             

  AgNPs                                                                                                                                                           SSCs                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                  1\. Decline in SSC proliferation\                                                                                                                                                                                                                       
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        2. ROS\                                                                                                                                                                                                                                                 
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        3. Specifically interact with Fyn kinase downstream of Ret and impair SSC proliferation                                                                                                                                                                 

  Nano-TiO~2~ (5--6 nm)                                                                                                                                           CD-1 (ICR) female mice                                                                                                                                                  90 consecutive days (intragastric administration)                                                             2.5, 5, and 10 mg/kg                                                                                                                                        Weight, ICP-MS, hematological, Cell-DYN 3700, sex hormone assays, histopathological, confocal Raman microscopy, RT-PCR, ELISA                                                                                                                                                                                                                                                                       1\. Body weight, ovary weight ↓ decreased\                                                                                                                                                                                                              Zhao et al[@b65-ijn-13-8487]
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        2. WBC, LYMPH, NEUT, RBC, and HGB ↓\                                                                                                                                                                                                                    
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        3. ALT, AST, ALP, LDH, Cr ↑, UA, and BUN ↓\                                                                                                                                                                                                             
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        4. Mating rate, pregnancy rate, number of newborns, and weight of neonates of mice ↓\                                                                                                                                                                   
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        5. Serum E2 ↑ P4, LH, FSH, and T ↓\                                                                                                                                                                                                                     
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        6. A large of atretic follicles, severe inflammatory cell infiltration, and necrosis\                                                                                                                                                                   
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        7. IGFBP-2, EGF, TNF-α, tPA, IL-1b, IL-6, Fas, and FasL ↑, IGF-1, LHR, INH-a, and GDF-9 ↓                                                                                                                                                               

  FeNPs                                                                                                                                                           ICR mice                                                                                                                                                                14 days                                                                                                       1, 2, and 4 mg/kg                                                                                                                                           Blood analysis, histopathological, microarray, and ingenuity pathway analysis, immunohistochemistry, cell counts, cell-cycle analysis, cytokine assays, immunophenotypic analysis                                                                                                                                                                                                                   1\. Body weight gain ↓\                                                                                                                                                                                                                                 Park et al[@b57-ijn-13-8487]
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        2. Expression of MHC class II protein ↑\                                                                                                                                                                                                                
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        3. MHC class II-related genes and CYP/CYP450 ↑\                                                                                                                                                                                                         
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        4. The total sex ratio (male/female) ↑\                                                                                                                                                                                                                 
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        5. No differences in body weight of offspring\                                                                                                                                                                                                          
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        6. The body weight in offspring ↑\                                                                                                                                                                                                                      
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        7. WBCs, portion of lymphocytes, macrophages ↓ and portion of neutrophils, eosinophils, and basophils ↑\                                                                                                                                                
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        8. Levels of AST, ALT, ALP, amylase, sodium, potassium, and chloride ↓ glucose ↑                                                                                                                                                                        

                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        1\. NPs disturb the developing oocytes by invading the protective barrier of theca cells, granulosa cell layers, and zona pellucida\                                                                                                                    Hou and Zhu[@b93-ijn-13-8487]
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        2. NPs disrupt sex hormone levels through the hypothalamic--pituitary--gonadal axis or by direct stimulation of secretory cells\                                                                                                                        
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        3. NPs can cross the placenta into the fetus by passive diffusion or endocytosis, which can trigger fetal inflammation, apoptosis, genotoxicity, cytotoxicity, low weight, reproductive deficiency, nervous damage, and immunodeficiency                

  Polymeric NP poly(ethylene glycol)-block-polylactide methyl ether (PeG-bPLA) (50 nm)                                                                            Wistar rats                                                                                                                                                             Single dose (single i.v. injection)                                                                           20 or 40 mg/kg                                                                                                                                              Histopathological, body, and organ weights, vaginal opening, estrous cyclicity, hormone measurements                                                                                                                                                                                                                                                                                                1\. Regular estrous cycles ↓\                                                                                                                                                                                                                           Rollerova et al[@b27-ijn-13-8487]
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        2. Pituitary weight ↑\                                                                                                                                                                                                                                  
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        3. Hyperemia, vascular dilatation and congestion, altered course of hypothalamic gonadotropin-releasing hormone-stimulated LH secretion\                                                                                                                
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        4. P4 serum ↑                                                                                                                                                                                                                                           
  ---------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

**Note:** ↑= increased; ↓=decreased.

**Abbreviations:** ALT, alanine transaminase; AST, aspartate transaminase; AgNPs, silver nanoparticles; Amh, adrenal medullary hormone; APEI apurinic/apyrimidinic ndonuclease 1; BTB, blood--testis barrier; BUN, blood urea nitrogen; Cx43, connexin43; CYP, cyclophilin periplasmic; CdTe, cadmium telluride; COOH, carboxylate; DSP, daily sperm production; E2, estradiol; FLGO, few-layer graphene oxide; FADD, Fas-associating protein with a novel death domain; FSH, follicle-stimulating hormone; GFNs, graphene NMs; GD, gestation day; GNPs, graphene nanoplatelets; GNRs, gold nanorods; GO, graphene oxide; HGB, hemoglobin; ICR, Institute of Cancer Research; IGFBP, insulin like growth factor binding protein; ICP-MS, inductively coupled plasma mass spectrometry; i.v., intravenous; LDH, lactate dehydrogenase; LH, luteinizing hormone; LHR, luteinizing hormone receptor; LYMPH , lymphocyte; MSNPs, mesoporous silica NPs; MDA, malondialdehyde; MHC, major histocompatibility complex; MLKL, mixed lineage kinase domain like pseudokinase; MWCNTs, multiwalled carbon nanotubes; NH~2~, amide; NM, nanomaterial; NOS, nitric oxide synthase; NEUT, neutrophilic granulocyte count; NP, nanoparticle; nSPs, nanosilica particles; PbS, lead sulfide; PEG-*b*-PLA, poly(ethylene glycol)-*block*-poly([d]{.smallcaps},[l]{.smallcaps}-lactic acid); PI, propidium iodide; P4, progesterone; PND, postnatal day; QD, quantum dot; RBC, red blood cell; RIA, radioimmunoassay; RT-PCR, real-time PCR; SD, Sprague Dawley; SOD, superoxide dismutase; SEM, scanning electron microscope; SLGO, single-layer graphene oxide; SSCs, spermatogonial stem cells; tPA, tissue plasminogen activator; T, testosterone; TEM, transmission electron microscopy; WBC, white blood cells; VCL, curvilinear velocity; VSL, straight line velocity.
